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Abstract
Carnitine Palmitoyltransferase 1A (CPT 1A) is an enzyme anchored to the
outer mitochondrial membrane (OMM), where it regulates the passage of
fatty acids into the mitochondria and intervenes in the process of β-oxidation
of long-chain fatty acids. Although CPT 1A is inhibited by malonyl-CoA,
its activity is also modulated by the curvature of OMM. This modulation
depends on the behavior of the N-terminal domain (NTD), which can be
adsorbed onto the OMM (nonactive CPT 1A) or interacting with the C-
terminal domain (active CPT 1A). Aimed to provide mechanistic insights
on the regulatory mechanism of CPT 1A, we studied the influence of the
bilayer curvature on the NTD behavior through a series of coarse-grained
(CG) molecular dynamics simulations using curved and planar membranes.
∗Corresponding author










Comparative analysis suggests that the main determinant for the activa-
tion/deactivation of the enzyme is the tilt angle orientation of the trans-
membrane (TM) domains. Planar membranes induce a wide variation on
the tilt angle orientation of TM helices, while curved geometries promote
small angles with the membrane normal. Our results identify the first TM
domain as an important component of the membrane sensing mechanism.
Keywords: Carnitine palmitoyltransferase 1A, Lipid bilayer curvature,
Molecular dynamics, Coarse grain model
1. Introduction1
Biological membranes are flexible barriers that delimit the cell and its2
inner compartments. Membrane curvature is important in defining the mor-3
phology of the cells, which can experience significant variations upon mi-4
gration, immune responses, infection, apoptosis, etc. Among others, the5
Bin/Anphiphylin/Rvs (BAR) protein domains are involved in many of these6
processes. Different experiments and multiscale molecular simulations iden-7
tified the physical parameters that control the interplay between BARs and8
membranes.[1, 2, 3] Among these features, the shape of the membrane seems9
to be crucial. Clearly, BAR protein domains are not the only ones related10
to membrane curvatures. The activity of several enzymes (Protein kinase11
C (PKC), Phospholipase C-delta1 (PLCδ1), Tafazzin) is associated with the12
curvature properties of phospholid bilayers.[4] Another relevant enzyme is13
Carnitine palmitoyltransferase 1 (CPT 1), which is recognized for its impor-14
tant role in the maintenance of cellular functions in eukaryotes, as noted in15











CoA, which is responsible for controlling the speed of intramitochondrial fatty17
acid β-oxidation. CPT 1 senses also the availability of fatty acids and glu-18
cose. This role is very important in various functions such as the response19
to ischemia in the cardiac muscle[8] and the control of insulin secretion in20
pancreatic β-cells.[9]21
CPT 1 family includes other carnitine palmitoyl and acetyltransferases22
that have different isoforms: CPT 1A, CPT 1B, CPT 1C, CPT, CPTIC23
1B.[10, 11] CPT 1A is located in the outer membrane of the mitochondria24
(OMM).[12, 13] Although its full structure is not known, its topological or-25
ganization has been the focus of different experimental studies.[14, 15] In26
particular, Fraser et. al,[16] showed that it contains two transmembrane27
domains (TMD1 and TMD2) connected by a linker region exposed to the28
inter-membrane space, while both the N-terminal and C-terminal domains29
(NTD and CTD, respectively) are exposed on the cystolic side of the mem-30
brane (see Figure 1). Based on the functional properties of CPT 1, Rao et31
al,[17] showed that the NTD may populate three different conformational32
states: i) associated with the CTD; ii) interacting with the OMM; or iii)33
freely fluctuating in the cytosol. Interactions in the two first cases suggested34
an amphiphilic character of the NTD. This inspired a series of NMR studies35
of the NTD in phospholipid micelles. The results showed some differences36
in characteristic peaks of HN-N interactions varying according to the phos-37
pholipids composing the micelles and the curvature they elicited.[10, 17, 18]38
Taking all together, the current paradigm proposes that the amphiphilic char-39
acter of the NTD allows an environment-dependent switching of interactions40











enzyme is activated, and is sensitive to modulation by the inhibitor malonyl-42
CoA. On the contrary, when the NTD interacts with the OMM, CPT1A is43
deactivated, becoming insensitive to malonyl-CoA.44
The present work aims to gain novel insights on the role of the cell mem-45
brane curvature in the activation/deactivation of the CPT 1A from a theoret-46
ical point of view. Since the NTD is linked to the TMD1 by an unstructured47
region, conformational transitions are expected to happen within the multi ns48
timescale.[19] Hence, a conformational sampling within a timescale of ≈ 1 µs49
would be expected to provide a reasonable description of the actual dynamics50
of the NTD. However, an atomistic representation of the system including51
the protein embedded in the membrane and aqueous environment comprises52
over a million atoms. This relatively large size, added to the need to per-53
form replicated simulations in order to obtain a glimpse on the statistics of54
the protein’s dynamics and the influence of different starting configurations55
implies a prohibitive computational cost. Therefore, we resorted to perform56
a series of coarse-grained (CG) simulations. For this task we used the CG57
force field named SIRAH (Southamerican Initiative for a Rapid and Accurate58
Hamiltonian) for proteins[20] and its recent parameterization for lipids.[21]59
This CG force field is well suited for this study as it allows for a long-range60
description of electrostatics as well as an unbiased treatment of protein’s61
secondary structure. Furthermore, it is ported to GROMACS (GROningen62
MAchine for Chemical Simulations) and fully profits from GPU (Graphics63
Processing Unit) acceleration. This approach, combined with a recent imple-64
mentation to produce curved membrane patches using two different phospho-65











of the CPT 1A. Analysis of lipid bilayer curvature, radial distribution func-67
tions, hydration/dehydration, tilt angle orientation of TMD and secondary68
structure of the NTD, helped to provide new mechanistic information and69
identify the TMD as a key component of the membrane sensing mechanism70
of CPT 1A.71
2. Methods72
2.1. Construction of CPT 1A by homology modeling73
Since the full-length structure of the protein is not determined, the ini-74
tial coordinates of CPT 1A were constructed by homology modeling us-75
ing the software Modeller.[23] As mentioned in the Introduction, CPT 1A76
is composed by a regulatory NTD connected to a catalytic CTD by two77
TM helices (Figure 1). Currently, only the NTD has been resolved ex-78
perimentally (PDB ID: 2LE3,[17]). Therefore, we first searched for suit-79
able templates for the CTD (residues 167-766) on the Protein Data Bank80
(https://www.rscb.org). Only 8 PDB structures showed identity levels81
above 30%, and from those the structure 1NDB, corresponding to the Murine82
Carnitine Acetyltransferase solved by X-ray diffraction at a resolution of 1.883
Å, was selected as template. The quality of the models generated by Mod-84
eller was first assessed using the Discrete Optimized Protein Energy (DOPE)85
scoring method;[24] and then validated on the Protein Structure Validation86
Server (PSVS) (http://psvs-1 5-dev.nesg.org/).[25] A Ramachandran87
plot of the best model is shown in Supplementary Material (Figure SM 1(a)88
and (b)).89











used to predict the secondary structure elements. This prediction was used91
as the input for the PREDDIMER server[27] to generate a model of the TM192
and TM2 helices (spanning residues 58-73 and 103-121, respectively). Finally,93
the loop regions connecting all the structured domains (NTD, TM1, TM294
and CTD) were completed using Modeller to obtain an all-atoms model of95
the full-length protein (Figure SM 3 in the Supplementary Material). These96
coordinates were mapped to CG using SIRAH Tools.[28]97
2.2. Curved and Planar Lipid Bilayer98
The word curvature in relation to the membrane structure is generally99
used to describe the physical shape of the cell membrane, that is, the round100
shape of the surface of the sphere. The curvature depends inversely on the101
size of the sphere, the larger the sphere is, the smaller the physical curvature.102
In this sense, a planar lipid bilayer has zero curvature and a micelle has a103
positive curvature.104
The use of periodic boundary conditions in phospholipid bilayers makes105
the simulation of stable curvatures in membranes a non trivial problem.106
Different proportions of lipidic species per leaflet may be used to balance107
the dimensions of the simulating box. In addition, lipids like Phosphatidyl-108
Choline (PC) have a cylindrical shape and favor the formation of planar109
monolayers, whereas other species as PhosphatidylEthanolamine (PE) hav-110
ing a smaller headgroups, present a roughly conical shape (as shown in Figure111
2(a)), imposing a negative curvature on the lipid monolayer. Although dif-112
ferent numbers and species of lipids can be present in each leaflet, this may113
create tensions or pressure differences that cannot be relaxed by barostats,114











lowed the procedure originally proposed by Magarkar et al.[22] to produce116
curved membrane patches. To this aim, we set up lipid patches containing117
225 PalmitoylOleoylPhosphatidylCholine (POPC) molecules in one leaflet118
and 246 PalmitoylOleoylPhosphatidylEthanolamine (POPE) molecules in119
the other.[22, 30, 31, 32, 33, 34] As usual, the normal to the lipid surface120
oriented to the z-axis. Then, the patch was copied, translated and rotated,121
obtaining a lipid bilayer as shown in Figure 2(b). Then ≈ 13700 molecules of122
WT4 (SIRAH’s water model)[35] were added for full-hydration of the lipid123
bilayer. Then restraints in the xy plane were applied to the glycerol bead124
(named BGL in SIRAH) of POPE lipids, and were allowed to move freely125
in the z-axis. If the restraints are removed, the lipids can diffuse freely,126
once the lipids have been mixed and the steady state has been reached, a127
planar binary lipid bilayer is obtained. It is worth to notice that although128
POPC and POPE account for 54% and 29% of the OMM lipid content,129
respectively,[36, 37] the use of only these two lipids clearly constitutes an130
oversimplification associated to the finite size of the simulation box.131
2.3. System CPT 1A/Lipid Bilayer132
Once the models of curved and planar lipid bilayer were constructed,133
the protein obtained in Section 2.1 was embedded into planar and curved134
membrane models. The Visual Molecular Dynamics program (VMD)[38] was135
used to insert both TMDs in the geometric center of the lipid bilayer and,136
subsequently, lipid molecules in close contact with the protein (≤ 0.35 nm)137
were removed. Next, the system was hydrated (≈ 26130 WT4 molecules) and138
28 WT4 molecules were randomly replaced by Na+ ions (in coarse-grained139











the systems underwent energy minimization and two steps of equilibration as141
described below. For the first equilibration step, whole beads of the protein142
were restrained in xyz coordinates and the lipid phosphate groups (named143
BFO in SIRAH) were restrained only in the z-coordinate. In the second144
step of the equilibration, only the beads of the backbone of the protein were145
restrained in xyz coordinates, allowing the free movement of the rest of the146
protein. Each simulation was carried out for 5 ns at a temperature of 313147
K. After the second equilibration simulation, the coordinates of the system148
were used as a starting point for productive simulations with and without149
restraints on the BGL beads of the lipids molecules in absence of restraints on150
the protein. The simulation time for each system was 1 µs at a temperature of151
313 K. The convergence of areas per lipid (APL)[39] and Root Mean Square152
Deviations (RMSD) of the protein were used as indicators of the stability of153
the system (Figure 3).154
2.4. Computational details155
All MD simulations were performed at the CG level using the SIRAH force156
field[40] version 2.0, running on the GROMACS 4.6.7 software package.[41,157
42, 43] Once the lipid bilayers were constructed (see Section 2.2), a steep-158
est descent algorithm energy minimization was carried out followed by MD159
equilibration in the NVT ensemble. Finally, productive MD simulations were160
carried out for 1 µs at a reference temperature of 313 K, well above the tran-161
sition temperature of POPC (270 K) and POPE (≈ 280 K).[44] The v-rescale162
thermostat[45] with a coupling constant of 1.0 ps was used. A semi-isotropic163
pressure coupling in x and y (the z axis of the simulation box corresponds164











stant of 1.0 ps, a compressibility value of 4.5×10−5 bar−1, and a reference166
pressure of 1 bar was used. Electrostatics/Coulombic interactions were cal-167
culated using particle mesh Ewald[47] with a cut off length of 1.2 nm; van168
der Waal’s interactions cut off was set at 1.2 nm. Aimed to enhance the con-169
formational sampling, six independent replicas were simulated in planar and170
curved bilayers considering different orientations and initial coordinates of the171
enzyme in the membrane as well as different initial coordinates of the lipid bi-172
layer and seed values for the initials velocities. The programs g lomepro[48],173
MD Analysis[49, 50, 51] and pybilt (https://github.com/blakeaw/PyBILT)174
were used for the analysis of the different properties. The final results of each175
property analyzed, correspond to the average over the different MD simula-176
tions, and the corresponding statistical error were calculated as the standard177
deviation.178
3. Results and Discussions179
3.1. Membrane Curvature Calculations180
In order to calculate the lipid bilayer curvature, we used the program181





where: E = Sx · Sx, F = Sx · Sy and G = Sy · Sy, defining the first order183
derivative as: Sx = ∂S/∂x and Sy = ∂S/∂y for every grid cell (x, y) for both184
leaflets. The unit normal to the surface at every grid point is calculated as185
N = (Sx×Sy)/||Sx×Sy||. Then, the second order derivatives are calculated186
as, Sxx = ∂
2S/∂x2, Syy = ∂
2S/∂y2 and Sxy = ∂
2S/∂x∂y. This enables the187











Figure 4(a) shows the results of the curvature calculation using equation189
(1) for both membrane models with and without the CPT 1A, at one mo-190
ment of the simulation time (arbitrarily chosen). The lipid bilayer without191
restraint in the BGL of the POPE lipids is almost planar except for some192
small temporal fluctuations. Which can be reduced if the average curvature193
is calculated over the simulation time. The same behavior is observed in194
the presence of the CPT 1A, except for the permanent positive curvature195
on both sides of the bilayer in the region where the protein is anchored (see196
also panels 4(b) and 4(d) for molecular visualizations). In contrast, when197
restraints are applied, well-defined curved membrane patches are clearly rec-198
ognizable both in presence and absence of the protein (Figure 4 (c) and (e),199
respectively).200
3.2. N-Terminal-Lipid Interactions201
The radial distribution function (RDF) is often used to identify interac-202





where, N(r) is the number of atoms in a spherical shell at distance r and204
thickness δr from a reference atom, and ρ is the number density taken as the205
ratio of atoms to the volume of the computing box.206
To further quantify a possible interaction between the N-terminal and207
the lipid heads, the RDF of the phosphate beads of both types of lipids,208
POPE and POPC, were calculated around the residues 10 to 40 of the N-209
terminal of CPT 1A enzyme for the last 200 ns of the simulation time. These210











the first minimum of the RDF determines how many lipids are nearby. The212
results of these calculations show that the number of lipids around the NTD213
is higher when the lipid bilayer is planar than curved. This reveals that the214
planar lipid bilayer exhibits more interactions than the curved one. These215
conclusions can also be observed in Figure 4(d) and (e), which visualize that216
the N-terminal interacts with the planar lipid bilayer (Figure 4(d)), while it217
prefers the interaction with the C-terminal if the membrane patch is curved218
(Figure 4(e)). These findings agree with the experimental results previously219
shown by Rao et. al.[17]220
A concomitant piece of information is obtained from the analysis of the221
RDF of WT4 molecules (water model in SIRAH) around the same residues222
of the N-terminal. Figure 5(b) shows the results of the g(r) corresponding223
to the first 150 ns (open symbols) and the last 200 ns (solid symbols). From224
these results, it can be observed that at the beginning of the simulations the225
residues of the N-terminal are hydrated to a similar extent, independently of226
the curvature of the lipid bilayer. However, in the last 200 ns of the total227
simulation time, the residues of the NTD underwent curvature dependent228
dehydration. If the lipid bilayer is curved, the dehydration process is less229
marked because the NTD interacts with the CTD (as can be seen in Figure230
4(e)). This interaction between NTD and CTD also causes the loss of sensi-231
tivity of the C-terminal domain to malonyl-CoA.[53, 18, 10] Moreover, if the232
lipid bilayer is planar, the N-terminal exhibits a greater dehydration, which233
is a consequence of the interaction with the lipids (shown in Figures 4(d) and234
5(a)).235











with the N-terminal residues, we calculated the number of hydrating water237
molecules by numerically integrating the corresponding RDF up to the first238






The hydration numbers (Ni) for the N-terminal residues of CPT 1A are240
depicted in Figure 6(a) and (b) for the curved and planar lipid bilayers, re-241
spectively. In the first case, it can be observed that the terminal residues242
undergo very little dehydration, while for the planar lipid bilayer (Figure243
6(b)), the dehydration suffered by many residues is remarkable. In a deeper244
analysis, it can be seen that not all residues are dehydrated. In particu-245
lar, some residues that belong to the α2 structure (see Section 3.4) remain246
hydrated, owing to the amphipahtic character of this segment.247
3.3. Transmembrane Domain Behavior248
The tilt angle orientation of the transmembrane domain, defined as the249
angle between the major axis of the helix and the bilayer normal (ẑ), pro-250
vides important information to rationalize the protein-membrane interplay.251
Therefore, we computed the time evolution of the tilt angle of TMD1 and252
the membrane normal using MD Analysis.[49, 50, 51] The results of the time253
evolution of the tilt angle orientation, for each of the MD replicas, are repre-254
sented in the left column of Figure 7. As it can be observed, the TMD1 of the255
replicas of simulations in planar membranes, tend to sample higher and more256
spread values centered around 40◦. This is particularly evident considering257
the probability distributions calculated over the second half of the simula-258











on curved bilayers, they show a tendency to sample lower values, with a ma-260
jor peak above 10◦. As evidenced by a different orange tonality in Figure 7,261
this is the case for all but two replicas. In those two particular replicas, de-262
spite being inserted in curved membranes, the initial conformation placed the263
TMD1 oriented along the saddle point of the curved membrane, where there264
is no curvature (see Supplementary Material Figure SM 5). Hence, locally,265
the TMD1 of CPT 1A is sensing a planar membrane, maintaining a high tilt266
angle value. It is important to underline that this effect is an unforeseen but267
interesting result of the method used to produce curved membranes, as it268
provides a control for our hypothesis.[54, 55, 56] In our interpretation, the269
TMDs act as the curvature sensor. That is, if the lipid bilayer is curved, the270
tilt angle orientation of the TMD1 remains constant (in our case ≈ 10◦) and271
the NTD interacts with the CTD, which implies that the enzyme is active.272
If the lipid bilayer is planar, then the tilt angle orientation of the TMD1 can273
raise significantly. Therefore, the N-terminal can move towards the mem-274
brane and get adsorbed, inducing the enzyme deactivation (see Figure 8).275
Under this perspective, and considering the curvature gradients shown in276
Figure 4, this could lead to the speculation that the sensing capacity of the277
protein is quite local and restricted to a distance involving a few phospho-278
lipids. Further analysis of the relative orientation of the enzyme in relation279
to the membrane curvatures revealed no clear preferences in the different280
replicas.281
In order to obtain an insight about the behavior of the TMDs, the radial282
distribution functions (equation (2)) were calculated around both TMDs of283











ns of the simulation time, both for the planar and curved lipid bilayer. In285
the case of the curved lipid bilayer (Figure 9 (a)), it is observed that the286
g(r) remains similar for the two types of lipids. In addition, although some287
preference of the TMDs for the POPE lipid is barely noticed, they remain288
without major changes, for the initial and for the latest part of the simulation.289
In the presence of the planar lipid bilayer, a different behavior of g(r) can290
be observed. First, a clear preference of the transmembrane domains can be291
observed for the POPE lipid over the POPCs. Moreover, an increase in the292
coordination with the lipids can be observed once the N-terminal interacts293
with the lipid bilayer. This preference for POPE lipids is due to steric instead294
of electrostatic interactions, since the head group of the lipid has a conical295
shape that facilitates the interaction with the enzyme.296
3.4. Secondary Structure of Nα and Nβ Behavior297
Rao et al.[17] have shown that there is a correlation between the sec-298
ondary structure and the N-terminal functionality. Using multidimensional299
heteronuclear NMR spectroscopy, they elucidated that the structure Nβ (ex-300
tended or β-sheet) is adopted if the membrane is curved, while the Nα (α-301
helix) exists when the NTD is adsorbed on the planar OMM. In the present302
work, we have determined the secondary structure of the N-terminal along303
the simulation time, in the presence of both lipid bilayer (planar and curved).304
To gain a deeper insights on the conformational behavior of the NTD305
at nearly atomistic detail, we backmapped the CG trajectory using the306
backmapping utilities of SIRAH Tools[28]. In Figure 10(a), we show the307
schematic representation of the NTD structure. Three secondary structure308











α2 (His25-Ser38) and the structure α1 which is adopted under certain cir-310
cumstances and is comprised between residues Ala4-Ala7. Figure 10(b) and311
(c) plot the time evolution of the secondary structures α1, α2, β1 and β2 of312
the NTD in the presence of a curved and planar lipid bilayer, respectively.313
In these Figures, cyan represents coil, purple α-helix, and yellow extended314
conformations.315
It is known that the secondary structure of the α-helix is conserved if it316
is adsorbed on a certain surface, whereas if the α-helix is free in the bulk317
solution this secondary structure is not stable, and conformational transition318
to coil can occur. From the analysis of the secondary structure of α1 (residues319
1-10 of Figure 10(b) and (c)), it is observed that the helical state depends on320
weather the NTD interacts with the CTD or with the lipid bilayer. Although321
the NTD interacts with the CTD when the enzyme is activated, residues 1-10322
do not and remain free in the cytosol, remaining mainly in coil (Figure 10(b)).323
On the other hand, when the NTD interacts with a planar lipid bilayer324
by deactivating the carnitine activity, the Ala4-Ala7 residues adsorb on the325
surface of the bilayer, which favors the formation of the secondary structure,326
as shown in the Figure 10(c). In contrast, the α2 structure is conserved327
independently of the curvature of the membrane. Therefore, for any of the328
possible states of carnitine, the residues 25-39 of the NTD are adsorbed either329
on the CTD or the planar lipid bilayer, preserving its secondary structure330
along the simulation time. Finally the structures β1 and β2 also conserved331












We used CG simulations to investigate the role of the lipid bilayer curva-334
ture in the activation/deactivation of the CPT 1A. The simulations provided335
a valuable insight into the interaction between the CPT 1A and the lipid336
bilayer. The analysis of the tilt angle of the TMD suggests that TMD be-337
have as the sensors of the curvature of the lipid bilayer. In this sense, the338
behavior of the tilt angle of TMD seems to act as the structural switch for339
the activation/deactivation of carnitine. This happens in combination with340
the amphiphilic structure of the NTD. When the lipid bilayer is curved, the341
tilt angle of the transmembrane domains remains stable, blocking the inter-342
action of the NTD with the membrane. The solvated NTD is thus free to343
bind on the CTD, leading the enzyme to the active state. If the lipid bilayer344
is planar the tilt angle orientations can change over a wide range, favoring345
conformations in which the NTD is prone to interact with the lipid bilayer346
(Figure 8). This requires the partial desolvation of the NTD to establish347
favorable amphipathic interactions with the aqueous and membrane phases348
simultaneously. Once the NTD is adsorbed onto the membrane the enzyme349
turns into the deactivated state.350
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[39] R. D. Porasso, J. J. López Cascales, A criterion to identify the equi-482
libration time in lipid bilayer simulations, Papers in Physics 4 (2012)483
040005.484
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Figure 1: Schematic representation of the topology adapted from Fraser et al.[16]. The
initial and/or final amino acids are indicated for: NTD, TMD1, TMD2 and CTD. Possible
associated states of NTD are: OMM-associated (represented in this figure, corresponding
to deactivation of the enzyme), CTD-associated (which corresponds to activation of the
enzyme) or freely fluctuating in the cytosol.
(a) Head group size. (b) Lipid bilayer composed by POPC
(orange) and POPE (yellow).
Figure 2: (a) Different shape of the PC and PE lipids which induce a curvature on a binary
lipid bilayer, positive curvature in the PC leaflet and negative in the PE leaflet. (b) The
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Figure 3: Top row. Root mean square deviation of atom distance  NTD, © CTD and
♦ TMDs. (a) Corresponds to the curved lipid bilayer and (b) to the planar lipid bilayer.
Bottom row. Time evolution of the area per lipid for the lipid bilayer  planar and ©
curved. For the lipid bilayer: (c) in the presence of the CPT 1A and (d) in the absence of

























Figure 4: (a) Calculation of J for the lipid bilayer according equation (1) at a representative
time of the MD simulation. Side-view snapshot of: (b) pure lipid bilayer without restraint
in lipids, (c) pure lipid bilayer with restraint on POPE lipids, (d) lipid bilayer/CPT 1A
without restraints in lipids and (e) lipid bilayer/CPT 1A with restraint on POPE lipids.
For the CPT 1A, the NTD is colored in blue to highlight its location, on (d) some lipid
were removed to unveil the location of the NTD adsorbed onto the lipid bilayer surface.
























Figure 5: (a) Radial distribution function of phosphate beads of POPE and POPC around
the residues 10 to 40 of the N-terminal of the CPT 1A enzyme. These RDF were computed
for the last 200 ns of the simulations. Symbols: N curved lipid bilayer and  planar lipid
bilayer. (b) Radial distrib tion function of WT4 (water model) around the residues 10 to
40 of the N-terminal of the CPT 1A enzyme. Symbols: for the first 150 ns,  stands for
curved lipid bilayer and◦ for planar lipid bilayer; for the last 200 ns,  stands for curved
lipid bilayer and • for planar lipid bilayer. The error bars are calculated as the standard
























































Figure 6: Hydration number for the residues belonging to the N-terminal of CPT 1A
enzyme, corresponding to: (a) the curved lipid bilayer and (b) planar lipid bilayer. Color:











































Figure 7: Left column. Tilt angle orientation of TMD1 of the CPT 1A in presence of a
planar lipid bilayer (blue lines) a d a curved lipid bilayer (in this case two different orange
tonalities lines are used to distinguish the different behavior observed in the replicas).
Right column. Probability distribution of the tilt angle orientation values calculated over



















a) Initial condition 
Planar membrane     Curved membrane 
b) TMD1 sensing membrane curvature 
Tilt angle 
OMM OMM 
Normal bilayer Normal bilayer 
Figure 8: (a) Initial condition of the CPT 1A enzyme in presence of a planar (left) and
curved (right) lipid bilayer. (b) The TMD1 begins to sense the curvature of the membrane
by varying the tilt angle orientation, note that in the case of the planar membrane the
tilt angle change much more than in the case of the curved membrane. (c) If the lipid
bilayer is planar, the TMD1 moves toward the normal bilayer and the NTD is adsorbed
deactivating the CPT 1A. If the lipid bilayer is curved, the TMD1 tilt angle orientation























Figure 9: Radial distribution function of both types of lipids around the TMDs of the
CPT 1A, for a: (a) a curved lipid bilayer and (b) a planar lipid bilayer.  is for POPE for
the first 150 ns,  is for POPE for the last 200 ns, ◦ is for POPC the first 150 ns and •
is for POPC for the last 200 ns. Error bars represent the standard deviation calculations,


























Figure 10: (a) Schematic representation of the NTD structure (PDB ID: 2LE3). The
structures corresponding to β1, β2 and α2 are illustrated. Time evolution of the secondary
structure of the residues belonging to the N-terminal of CPT 1A enzyme, in presence of





























 The activation/deactivation of CPT 1A depends on the membrane curvature 
 Transmembrane Domain is the primary sensor of the membrane curvature 
 N-Terminal interacts either with C-Terminal or outer mitochondrial 
membrane, depending on the structural membrane context 
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